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Abstract

In this work, a molecularly imprinted polymer (MIP) of morphine (MO) was prepared through thermal radical copolymerization of
methacrylic acid (MAA) and ethylene glycol dimethacrylate (EDMA) in the presence of MO templates, and a molecularly imprinted sor-
bent assay (MIA) based on a colorimetric reporter was developed to determine the adsorption isotherm of MO-MIP binding. In prac-
tice, the MO-bound MIP was brought into contact with an aqueous mixture Sf &ed [Fe(CNJ]*~ so that the 3-phenolic group of
MO was oxidized and P& was reduced to Pé. As a result, the MO-bound MIP was stained with Prussian blue (PB), which was at-
tributed to the instant co-precipitation of Feand [Fe(CNj]3~ (Ksp = 107%°). Accordingly, MO-MIP binding of the blue dye could
be detected by visible spectroscopy. In addition, such staining could successfully distinguish MO from codeine. Upon data analyses, a
two-site binding isotherm with two dissociation constants ®06< 10-° and 103 x 10~3M was found for MO-MIP binding. MIAs for
non-MIP were also performed. In addition, the results of flow-system characterizations and the particle size effect are also described in this
paper.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction cific recognition are relatively few. Most techniques adopt
high performance liquid chromatography (HPL{-7],

Morphine (MO) is a frequently used drug for relieving which can readily discriminate impurities and provide high
severe pain of patients, but excessive or habitual uptake carsensitivities. Some approaches function based on enzymatic
cause toxic symptoms. To prevent overdose-induced toxi-immunoassay48,9]. Yet, the costs and stability of en-
cation, the sensitive monitoring of MO concentrations in a zymes involved in the above techniques are shortcomings.
patient’s blood or urine is necessary. It was reported that Thus, the use of molecularly imprinted polymers (MIP)
around 90% of orally administrated MO is excreted in urine [10], which fulfill both economic and stability criteria, is
within 24 h and around 10% of the excreted MO remains considered a more reliable and robust strategy for specific
un-metabolized. Typical MO concentrations in a patient’s binding.

urine were thus evaluated to be less thaogiml (1 ppm) Molecular imprinting mimics the molding process in
[1]. To date, many analytical technigues for MO detection, which an imprinting molecule serves as a template for the
as summarized ifable 1 have been developd@-11]to criterion of a substrate-selective macromolecular matrix

satisfy the requirements of sensitivity, specificity, and re- [12]. Hence, the template molecule and MIP are regarded
liability. Although many detection modes can be used to as a biomimetic antigen and antibody, respectively. It has
quantify the amounts of MO, strategies to achieve its spe- been found that the MIP of MO can be prepared by a
non-covalent imprinting approach, in which radical copoly-
e merization of methacrylic acid (MAA) (the functional
* Presented at the 2nd International Workshop on Molecularly monomer) and ethylene glycol dimethacrylate (EDMA;
Imprinted Polymers, Montpellier, 15-19 September 2002. the cross-linking a em) is carried out in the presence (,)f
* Corresponding author. Tel+886-2-2366-0739; InKINg ag : : utt p >
fax: +886-2-2362-3040. MO templates[10,13,14] To demonstrate the specific
E-mail addresskcho@ntu.edu.tw (K.-C. Ho). recognition of the template molecule by MIP and/or to
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Table 1
A partial list of analytical techniques for the MO detection reported in
literature

Detection method Limit of detection Reference
HPLC?-UV-Vis spectroscopy 5ng/ml [2]
HPLC—fluorescence 300 ng/ml [3]
HPLC—chemiluminescence 50 ng/ml [4]
HPLC-UV-ED 50 ng/ml [5]
HPLC—amperometry 1ng/ml [6]
HPLC—coulometry 0.1ng/ml [7]

Radio immunoassay (RIA) 3ng/g blood [8]
Immunoassay with SPR 0.1 ng/ml [9]
MIP9—competitive amperometry 50 ng/ml [10]
Amperometry <1lpg/ml [11]
Colorimetric detection 28.5ng/ml This work

@ High performance liquid chromatography.
b Electrochemical detection.

¢ Surface plasma resonance.

d Molecularly imprinted polymer.
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Fig. 1. Schematic illustration for the colorimetric staining in a MO-bound
MIP by an aqueous mixture of K Fe*, and [Fe(CN]3~. MO acts as

determine the relevant binding isotherms, batch rebinding a reducing agent which bring about the precipitation of PB within the

experiments referred to as molecularly imprinted sorben
assays (MIAs)[15] and resembling typical immunoassays
are usually employed. For instance, MIAs with radioactive

stains (radio-ligand binding assays) have been utilized to

t polymer matrix, while PB acts as a colorimetric reporter. The precipitation

of KFe[Fe(CN}] is known as soluble PB. In the absence of Kthe
formation of insoluble PB (RgFe(CN)]3) can also take place.

determine the association constant and binding site den-2. Experimental

sity of the MIP of MO [13,14] Despite the MIA being

a well-established technique, there is a recent trend for2.1. Reagents and standards
detection modes other than radioactivity measurements be-

ing highly warranted12]. Therefore, this work aimed at

All of the chemicals used in this work were either ACS

developing a colorimetric staining method to characterize reagent grade or analytical reagent grade and were used as

MO-MIP binding.

An assay based on colorimetric staining offers advan-

received without further purification. Morphine in the form
of MO hydrochloride and codeine in the form of tablet

tages of costs and convenience, compared to those basegodeine phosphate (15mg) were both supplied by the Na-

on radioactive[13,14] fluorescent[16], enzymatic[17],
and redox[18] reagents. In this work, the MO-bound
MIP was brought into contact with an aqueous mixture
of Fe* and [Fe(CN3]3~ so that the 3-phenolic group
of MO was oxidized [19] and Fé* was reduced to
Fet. As a result, the MO-bound MIP was stained with

tional Bureau of Controlled Drugs, Department of Health,
Taiwan (Taipei, Taiwan). Ethylene glycol dimethacrylate
(EDMA, 98%), KsFe(CN) (>99%), and FeGl6H,0 (97%)
were all purchased from Aldrich (Milwaukee, WI, USA).
Acetonitrile (MeCN, 100%) and acetic acid (AcOH, 100%)
were both purchased from J.T. Baker (Phillipsburg, NJ,

Prussian blue (PB), which was attributed to the instant USA). Methanol (MeOH, 99.8%), HCI (32%), methacrylic

co-precipitation of F&" and [Fe(CN3]*~ (Ksp = 10749
[20]. Note: Either soluble PB (KFe[Fe(CN)) or insol-
uble PB (Fg[Fe(CN)X]3) was formed. The formation of
PB depends on whether or not™Kparticipates in the
co-precipitation. The staining mechanism is illustrated
schematically inFig. 1. Accordingly, the MO-bound MIP

acid (MAA, 99%), and 2.2azobis-isobutyronitrile (AIBN,
99%) were purchased from Riedel-de Haén (Seelze, Ger-
many), Merck (Darmstadt, Germany), Lancaseter (More-
cambe, UK), and Showa (Tokyo, Japan), respectively.
Deionized water (DIW) was used throughout this work.
Unless especially noted, experiments were done at room

(which was dyed blue) could be easily distinguished, even temperature and in air.

by the naked eye, from the MIP without MO (yellow-
ish). This also allowed us to quantify MO-MIP binding

2.2. Spectroscopic detections of MO and codeine solutions

by visible spectroscopy. In addition, we also observed that with and without staining

such staining could distinguish MO from codeine. In this

paper, the above-mentioned colorimetric detection of MO  The UV-Vis spectra, which ranged from 200 to 900 nm,
is discussed. In addition, physical properties of MIP and of the following solutions were collected with a spectropho-

non-MIP particles, including their particle size distribu-

tometer (Model V-570, Jasco, Tokyo, Japan): (A) aqueous

tions, binding site densities, and adsorption isotherms, areMO solutions stained by PB; (B) unreacted, diluted (51

also compared.

times) staining solution; (C) aqueous MO solutions without
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staining; (D) MO in MeOH/AcOH/water (volume ratig log to chromatography, was employed. At the beginning,
4:1:1); (E) aqueous codeine solutions stained by PB; andthe MO templates resides in the as-ground MIP particles
(F) aqueous codeine solutions without staining. In particu- were washed until the level was dropped below the detec-
lar, spectra A, C, and D were measured with various MO tion limit of the analytical method. Then the post-washed
concentrations in order to obtain the calibration curves (plots MIP particles re-adsorbed MO in 1.17 mM Mgg until sat-

of absorbances versus MO concentrations). The undiluteduration. The same adsorption procedure was performed on
staining solution was composed of 20 mM Fg&g, 20 mM the non-MIP particles. Finally, either 0.5g MO-adsorbed
K3Fe(CN)ag, and a few drops of HCI which stabilized the  MIP particles or 0.5 g MO-adsorbed non-MIP particles were
mixture and resulted in a pH value of 1.57. When staining, packed in a polypropylene (PP) empty column with an in-
0.2 ml of the above-described aqueous mixture was droppedner diameter of 1.25 cm and a length of 5cm. Both ends of
into 10 ml of an MO or codeine solution of known concen- the column were equipped with filter papers and were con-
tration. Afterwards, the MO solution was dyed blue, and nected to the PP tubing of a micro-pump system. Simulta-

spectroscopic detection was carried out. neous monitoring of the outlet MO concentration was done
by a UV-Vis spectrophotometer while the washing reagent

2.3. Preparation of MIP and non-MIP particles (4:1:1 MeOH/AcOH/water) was flowed through the packed
column.

The MO-MIP was prepared through the thermal radical
copolymerization of MAA and EDMA in the presence of 2.5. Molecularly imprinted sorbent assays of fine MIP and
MO templates. The MO-MIP was used to selectively bind non-MIP particles
MO and then after separation of the MIP and the sample
solution the staining procedure would take place. Our pro-  Molecularly imprinted sorbent assays with colorimetric
cedures were modified from those reported in the literature detection (MO-particle binding stained by PB) were ap-
[13,14] and are described below. Prior to polymerization, plied to determine the adsorption isotherms of fine MIP
2mmol MO and 30 mmol MAA were both dissolved in and non-MIP particles. The MIA at each MO concentration
30ml MeCN and were stirred ultrasonically for 5min. was implemented in two separate steps: incubation and col-
Then, 120 mmol EDMA and 280 mg of AIBN were added. orimetric detection. Incubation was carried out by mixing
After 10 min of bubbling with N, the beaker containing the 5mg of post-washed MIP or non-MIP particles into 10 ml
monomer solution was covered and cured &at®®@or 8 h in of a MO solution with a definite concentration for 15 h.
a water bath controlled by a thermostat (Model T-80, Tokyo The concentration of MQq varied from 50 to 50 mM. Af-
Rikskikai, Tokyo, Japan). Finally, the dried polymeric ter incubation, the particles were filtered out and dried in a
monolith was thoroughly pulverized into fine particles with vacuum chamber. Colorimetric detection measured the ab-
a pulverizer (Hi-Lyte, Taipei, Taiwan) or was exhaustively sorbances at 746 nm (the characteristic wavelength of the
ground in a mortar, following vacuum drying at 40 for PB) for the agueous suspensions of stained, post-incubated
8 h. In addition, the non-MIP particles were also prepared particles. Colorimetric detection was carried out by adding
according to the above procedures except for the absence 00.2 ml of the staining solution into a 10 ml aqueous suspen-
MO templates during polymerization. The as-prepared MIP sion which contained 0.1 g/ml post-incubated particles.
particles were washed with an excess amount of the 4:1:1
(v/viv) MeOH/AcOH/water (referred to as solution D in
Section 2.2 several times until MO template was removed 3. Results and discussion
as much as possible, then the particles were washed with
methanol and finally dried in a vacudi3,14] The removal 3.1. Spectra of MO and codeine solutions in the absence
of MO was assured by UV-Vis spectroscopy. The manually and presence of B¢ and [Fe(CN)]3~
ground particles (referred to as “rough” particles), which
quickly settled out in water, were characterized by a flow As illustrated in Fig. 1, the phenolic group at the
system (se&ection 2.4 The mechanically pulverized parti-  3-position of MO acts as a reducing agent and reduce
cles (referred to as “fine” particles), which packed compactly Fe** to FE*, which then immediately co-precipitates with
but suspended well in #D, were used in the MIAs (see [Fe(CN)]3~ to yield PB within the polymer matrix. There-
Section 2.5 The patrticle size distributions of both particles fore, PB serves as a reporter and achieves the colorimetric
in DIW were analyzed with a laser particle size analyzer detection of MO. It is noted here that the orientation of
(Model LS230, Beckman Coulter, Fullerton, CA, USA). the phenolic OH depicted ifig. 1 is only to indicate the
“free” OH available to the staining reagent. In general, some
2.4. Flow-system characterizations of rough MIP and phenolic OH would be hydrogen-bonded to the polymer,
non-MIP particles and the reagent would have no access to the phenolic OH.
Similar situation has been observed for hydroxyl group in a
To determine the binding site densities of rough MIP polymer-bound sterdR1] and no hydroxyl groups would be
and non-MIP particles, a flow-system characterization, ana- free to react. This is due to the formation of covalent bond at
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Fig. 2. The UV-Vis spectra of MO solutions with and without colori- Wavelength (nm)

metric staining: (A) 10ml of 3Q.M MO aq stained by 0.2ml of 20mM Fig. 4. The UV-Vis spectra of codeine solutions in the presence and
FeChag and KsFe(CNEag (pH 1.57); (B) 0.2ml of 20mM FeGlag absence of staining solution. (E): 10 ml of @M codeingsg added with
and KgFe(CN)s(aq) (pH 1.57) added into 10 ml $0; (C) 200pM MO(aq) 0.2ml of 20mM Fecé(aq) and K3FE(CN)3(aq) (pH 1.57); (F): 3QuM
without Staining; (D) ZOQ.LM MO in 4:1:1 (V/V/V) MeOH/AcOH/water COdeinQaq) without (W/O) the Staining solution.

without staining.

the recognition site. According to the literat(it®], the phe- It is shown inFig. 3 that the MO solution after stain-
nolic OH group will be oxidized to form pseudomorphine. ing (curve A) displays higher absorbances than those of un-
Fig. 2 compares the UV-Vis spectra of MO solutions with stained MO solutions (curves C and D). Moreover, since
and without colorimetric staining. It can be seen that the MO the absorbance readings are considered reliable when they
agueous solution stained by an aqueous mixture of &l range between 0.01 and 3.00, the detection limits for each
KsFe(CN) shows an adsorption band at ca. 746 nm (spec- case are thus estimated as follows: case A: 100nM to 1 mM;
trum A). However, neither the MO aqueous solution (spec- case C: 1M to 1 mM; and case D: 1M to 3mM (Note

trum C) nor MO in 4:1:1 MeOH/AcOH/water (spectrum D) 1 mM = 0.285mg/ml for MO). This indicates that the col-
exhibited any adsorption in the visible region despite both orimetric detection of MO by PB staining is more sensitive
of them having intense absorption in the UV region. Pre- than does the ordinary UV detection. It was also determined
sumably, the absorption at ca. 746 nm in spectrum A is in re- that this colorimetric staining possesses a promising detec-
sponse to the formation of PB, although a PB film typically tion limit for MO (28.5 ng/ml), as compared to values from
features an absorption band at ca. 690[28]. As a conse- the literature summarized ifable 1 In addition, it was dis-
guence, the colorimetric staining of MO by PB, which allows covered that the staining could differentiate between MO
visualization of the MO concentration, is demonstrated. In and codeine. Codeine has a very similar molecular structure
addition, by comparing the peak heights and concentrationsto MO except for replacing 3-phenol by a 3-methyloxide
of spectra A, C, and D iffig. 2 it can be found that the col- ~ group [13,14] Fig. 4 shows the spectra of codeine aque-
orimetric staining enhances not only the sensitivity but also 0us solutions with and without staining. It can be seen that
the spectroscopic detection limit of MO. On the basis of neither spectra display an absorption in the visible region.

the calibration curvesrig. 3illustrates the above findings.  This is because codeine lacks the oxidizable phenol group
at the 3-position and cannot reducéf¢o FE*. As a con-

sequence, it is presumed that colorimetric staining can dis-
""" P criminate other MO analogs which lack the 3-phenol group,
such as heroin and pholcodine.

Abs at 746 nm
of spectrum A

3.2. Particle size distributions of MIP particles

E The two approaches we adopted to process the as-poly-
merized monoliths into particles were describe8éttion 2
(’)‘f":p“e‘cff;‘“; manual grinding in a mortar and mechanical pulverization.
Particle size distributions of the particles obtained from these
two processes are compared kiig. 5. Undoubtedly, the
manually ground (rough) particles were much larger than
the mechanically pulverized (fine) ones. The rough parti-
cles had a volume-averaged particle diameter of 292
Fig. 3. Calibration curves for the spectroscopic detections of MEign2 and 80% of them had a particle diameter ranging from

Absorbance
(=]
[
T

Abs at 211 nm
of spectrum

0.01fF Y SRINY S R ——
( ]

1 1 1 1
100n 1p 10p 100p 1m

Concentration of morphine (M)
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Fig. 5. Particle size distributions of mechanically pulverized (fine) and Fig. 6. Continuous wash of the re-adsorbed MIP and non-MIP particles

manually ground (rough) MIP particles. with 4:1:1 MeOH/AcOH/water. The molar numbers of MO washed out
were determined by monitoring the change in the absorbance at 248 nm
and with the help of calibration curve D given ig. 3.

37.2p.M (10%) to 530uM (90%). The fine particles showed

a volume-averaged particle diameter of 51M, and 80%

of them had a particle diameter ranging from 4.68 (10%)

to 110pnM (90%). (Note The volume-averaged value is gen-
erally larger than the number-averaged value.) Presumably,
there was no significant difference between the particle size
distributions of MIP and non-MIP patrticles. Using different
approaches without sieving, we attempted to preliminarily
compare the effects of particle size on MO-MIP binding.

MIP behaves differently from non-MIP. The absorbance of
non-MIP increased exponentially with MO concentration,
whereas the absorbance curve of MIP exhibited a reflecting
point at ca. 50Q.M. Presumably, non-MIP follows one-site
binding, while MIP obeys two-site bindinfl3]. To ob-
tain realistic adsorption isothermBig. 7 was converted to
Fig. 8 with the aid of calibration curve A ifrig. 3. Since

the spectroscopic data obtained at 50 mM were less reliable
(absorbance> 3), curve fitting was done for data which
ranged from 50 nM to 5 mM. As judged froRig. 7, the one-
and two-site binding models were used to fit the isotherms of

The flow-system characterization describe&éttion 2.4 non-MIP and MIP inFig. 8 respectively. These two models
was applied to determine the binding site densities of rough 5.6 formulated as follows:

MIP and non-MIP particles. By using calibration curve D

in Fig. 3 the amounts of MO washed out from a packed ; — _BC (one-site binding modg| (1)
bed of MO-adsorbed MIP or non-MIP were simultaneously K+C

monitored. The results of the flow-system characterizations

of MIP and non-MIP particles are respectively plotted in

3.3. Binding site densities of rough MIP and
non-MIP particles

Fig. 6. It can be determined from this plot that binding site T
densities of rough MIP and non-MIP particles are ca. 55 and 40F “L‘j::;“:;‘fh‘:‘;;;‘;;ifgz";;‘f;fgy T
20umol/g, respectively. That is, rough MIP particles pos- £
sess a binding site density 2.75 times that of rough non-MIP ] .
particles. This verifies that molecular imprinting was suc- N —A— non-MIP
cessful. Yet, the binding site densities determined here could ST ]
be underestimated, since both MIP and non-MIP particles §
adsorbed MO in solution of 1.17mM Mgy which is not e wl |
very concentrated. To precisely determine binding site den- s
sities, adsorption isotherms were needed. <

0.0 | 4
3.4. Adsorption isotherms of fine MIP and non-MIP 100 100n g 10p 100p 1m  10m 100m
particles obtained from MIAs Concentration of morphine (M)

Fig. 7 gives the results of MIAs on fine, post-washed Fig. 7: Molecularly imprintgd sorbenF assay based on the colorimgtric
MIP and non-MIP particles. As can be seen in this figure detection. Incubation conditions: adding 5mg washed polymer particles
P e i 9ure, it 10ml MO aqueous solution and then incubated for 15h; staining

the MO-adsorbed MIP exhibits higher absorbances at ca.conditions: adding 0.2 ml of 20mMm Feglg and KsFe(CN)ag (PH

746 nm than does the MO-adsorbed non-MIP. Furthermore, 1.57) into 10 ml of 0.1 mg/ml post-incubated, aqueous polymer suspension.
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A non-MIP data fitted by Eq.(1)

600 m MIP data fitted by Eq.(2) 1

500 |

400 -
Eq.(2)
300F B, =424 umol/g
K, = 1.03*10°M
B,= 218 pmol/g
K, = 6.00¥10°M

200 |
100 |
“Eq.()

B =518 ymol/g |
K =1.03*10°M
. . . . . .

10n 100n 1p 10p 100p 1m 10m

Concentration of morphine (M)

Morphine bound(umol/g)

A

Fig. 8. Quantitative analysis of the MIA results obtainedFig. 7. The
molar numbers of MO washed out were determined by compa¥igg7
with the help of calibration curve A given iRig. 3. The effects of particle
scattering were compensated prior to the use of calibration curve A.

and
B1C B>C
b= 1 n 2
Ki1+C Ky+C

(two-site binding model (2
whereb is the molar number of MO adsorbed per weight of
particles fumol/g), B denotes the binding site density for MO
(wmol/g), K represents the dissociation constant-{#yj and

C stands for the molar concentration (M) of MO in the incu-
bation medium. IrEg. (2), subscripts 1 and 2 are used to de-
note properties for the two classes of binding sites. Basically,
Eq. (1)represents the typical Langmuir adsorption isotherm,

where adsorption is assumed to contain only one type of site.

Eq. (2)is employed to present a modified Langmuir adsorp-
tion isotherm in which two classes of binding sites exist.
The well-fitted results ifrig. 8indicate that fine non-MIP
particles possess a binding site densBy ¢f 518..mol/g
and a dissociation constari€)(of 1.03 x 10~3M, whereas
fine MIP particles contain two classes of sites with the
following physical propertiesB; of 424pmol/g andK;
of 1.03 x 1073 M, and B, of 218umol/g and K, of
6.00 x 107> M. As those values were obtained from fitting
the experimental data with either one- or two-site binding
model, they should be more realistic when comparing to

the theoretical values calculated by assuming a complete

polymerization. Accordingly, fine MIP particles have a total
binding site density of 64@mol/g (B1 + B2). The MIP’s

two-site binding reflects that the MO was adsorbed on either 5.

imprinting sites or non-imprinting sites. Non-imprinting
binding is simply attributed to the non-covalent interaction
between the carboxylic group of poly-MAA and the phe-
nolic group of MO, by which MO binding on non-MIP
particles takes place. Such non-imprinting binding exhibits
a lower binding affinity with a dissociation constant of
1.03 x 103 M, as compared to imprinting binding<g of
6.00 x 10~°M). Despite the lower affinity, non-imprinting
sites still make up the majority of sites on MIP. Similar
results can be found in the literatuiE3].
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In addition, by comparingrig. 8 (results of fine particles
with an average diameter of 5Iun) with Fig. 6 (results
of rough particles with an average diameter of g52), the
particle size effects on MO-MIP binding can be preliminar-
ily deducedFig. 8 reveals that the binding amounts on fine
MIP and non-MIP particles were 433 and Ji%ol/g, re-
spectively, when the incubated concentration was 1.17 mM.
Obviously, the above values are much larger than those ob-
tained inFig. 6. But the binding ratio of MIP to non-MIP
obtained here was 1.57, which is smaller than the case with
rough particles (2.75). Accordingly, fine particles are consid-
ered to contribute a higher binding site density due to their
larger surface area, but the reduction in particle size leads
to a decrease in the ratio of imprinting to non-imprinting
sites.

4, Conclusions

This work reports colorimetric detection of MO in an MIP.
The successful staining of MO-bound MIP was achieved
with the help of an aqueous mixture containing®Fend
[Fe(CNX]3~. The main conclusions from this study are sum-
marized here.

1. Morphine can be stained by PB with an aqueous mixture
of Fe*t and [Fe(CNy]3~. Such colorimetric staining al-
lows spectroscopic detection of MO by measuring the
absorbance change at 746 nm, which is visible even to
the naked eye. In addition to the advantages of costs and
convenience, the staining also provides promising sensi-
tivity with a detection limit of 200 nM and can discrim-
inate MO analogs which lack the oxidizable 3-position
phenol, such as codeine.

. MIP-MO binding obeys the two-site-binding mechanism,

whereas non-MIP-MO binding follows the simple Lang-

muir adsorption isotherm. MIAs based on colorimetric
staining reveal that the binding site density and dissoci-

ation constant for non-MIP are 518nol/g and 103 x

10-3M, respectively. In comparison, MIP features two

classes of sites with the following physical properties:

By of 424pmol/g andK; of 1.03 x 10~3M, and B, of

218umol/g andK of 6.00 x 10-°M. (B andK repre-

sent the binding site density and dissociation constant,
respectively. Subscripts 1 and 2 denote non-imprinting
and imprinting sites of MIP, respectively.)

Fine MIP particles can contribute a higher binding site

density due to their larger surface area, but reducing the

particle size of MIP results in a decrease in the ratio of
imprinting to non-imprinting sites.
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